Abstract-New optoelectronic architectures are presented, based on parallel delay lines, performing programmable filtering of microwave signals. According to current performances of optoelectronic components, they can process optically carried microwave signals over frequency bandwidths as large as 20 GHz, with a time-frequency product up to 10 3 . The operating principle of these structures is detailed and followed by the preliminary experimental demonstration at 1.3 GHz of a 53-dB rejection filter.
I. INTRODUCTION
T HE availability of optoelectronic components operating in the multigigahertz domain (up to 20 GHz) brings attractive perspectives for optical processing of microwave signals [1] - [14] . Owing to their inherent parallel-processing capabilities, optoelectronic architectures are well suited for the implementation, in radar and electronic warfare (EW) systems, of basic functions such as spectrum analysis, adaptive filtering, and correlation. Furthermore, optically carried microwave signals can experience large time delays, especially in fiber-based systems, providing time-frequency products in the range between 10 -10 . These potential performances are very attractive for radar imaging, stealth target detection, jammers localization, and excision. In this paper, the authors propose, and experimentally demonstrate, a new optoelectronic programmable filter in which time delays are generated by a diffractive mirror (DM) and parallel weighting is obtained with a liquid crystal spatial light modulator (LCSLM).
II. TRANSVERSAL FILTERING
A transversal filter optimizes the detection in a signal of a given signal , with duration , in presence of a stationary noise , or permits jammers rejection from detected signals. Matched filtering is a particular case which maximizes the signal-to-noise ratio in presence of a white noise. expressed by (1) These signals are often processed in a sampled form using a delay line made with coupling elements separated by time delay and providing the samples . Each of these samples can be weighted with a normalized weight to provide the output where is given by:
. is the maximum value of over time duration . In this case, (1) becomes a discrete sum of products and matched filtering reduces to a weighting method. If one sums these weighted outputs at time , one obtains, after the following change of coordinates and , a term proportional to (2) Compared to (1) , this term appears as the sampled output of the matched filter at time . The time delay represents the sampling period, and is the processed frequency bandwidth. Digital electronic delay lines allows one to process signals with a rather large number of sampling points (up to 10 -10 ), but with a frequency bandwidth limited to the low and intermediate frequencies (100 MHz-1 GHz) [11] . Therefore, processing of the whole 20-GHz bandwidth is not possible, and is done successively over intervals of a few gigahertz. On the other hand, opticalfiber delay lines present the advantage to process signals over a large frequency bandwidth, but they are generally implemented with a reduced number of sampling points (10-100) [2] - [9] , and the weighting is difficult to obtain. Therefore, an optical architecture of a programmable filter is proposed, which could provide a large number of samples of about , and which may process signals over a frequency bandwidth as large as 20 GHz.
III. OPTICAL ARCHITECTURE
The operating principle of this programmable filter, recently reported in [15] , is shown in Fig. 1 . A continuous-wave (CW) laser diode of wavelength is coupled into an integrated optic-amplitude modulator, excited by a signal , in the microwave range. The outcoming beam is then an optical carrier of this signal . It is expanded and reflects off a DM, which operates in the Littrow geometry, i.e., in a geometry 0018-9480/97$10.00 © 1997 IEEE where the diffracted beam is retroreflected. It is, for instance, a classical blazed grating or, as proposed in [16] , a Bragg grating recorded in a photopolymer material. This reflected beam, extracted with a beam-splitter, passes through a one-dimensional (1-D) spatial light modulator (SLM) of pixels, which can be for instance, a liquid crystal SLM. Finally, the channelized beam is focused onto a photodiode. According to the operating principle of the DM, the elementary incident plane waves, which diffract on two successive steps of the grating, undergo an elementary path-length difference of , corresponding [for the carried signal ] to an elementary time delay of ( velocity of light). Therefore, the incident plane wave which diffracts on the mirror aperture undergoes a maximum path-length difference of sin (see Fig. 1 ) corresponding to a maximum time delay sin . The pixels of the SLM have a center-to-center spacing and provide, via a control voltage, a weighting of the amplitude of the light with coefficients . Since the DM diffracts a plane wave ( is an integer and tan is the delay increment), every channel of the SLM transmits an optical field , which is expressed for a low modulation ratio by
It is an optical carrier of the delayed signal . is the amplitude of the optical field associated to the diffracted plane wave. In the following, the developed analysis also takes into account possible phase aberrations induced by the DM and the SLM.
When the coherence time of the source is smaller than the increment , i.e., with a superluminescent diode, the integration on the surface of a detector with responsivity amounts to an incoherent summation by a lens (with focal length ) of all the intensities provided by each pixel (see Fig.  1 ). The photodiode then delivers the photocurrent (3) where the notation " " denotes time averaging over the response time of the photodiode. It reduces, for , to
The first term in (4) is a constant bias. The second one is the result of the matched filtering of the signal , if one chooses the coefficient so that . If the coherence of the source is large one now has to consider a coherent optical summation of all the emerging channels. When the photodiode diameter is small compared to the highest spatial frequency provided by the SLM, i.e., , then the photocurrent is expressed by (5) which, for and , leads to
It corresponds to a spatial filtering, taking into account only the on-axis plane wave component. One can notice that (6) is equivalent to (4) except for supplementary terms of interference between the pixels of the SLM. First terms correspond to a continuous background. The last one is the result of matched filtering of the signal , if one chooses the coefficient so that . In this case, weighting coefficients of every pixel are deduced from (7). Note that negative weighting is then possible.
Furthermore, when the photodetector size is increased up to with , then all the spatial frequencies of the image displayed onto the SLM are collected and averaged by the photodiode. In this case, the contribution of the terms vanishes and the modulated photocurrent reduces to the incoherent summation of (4).
The response time of the proposed programmable filter is mainly determined by the response time of the LCSLM. Ferroelectric or chiral smectic LCSLM's exhibit switching time in the range of 10-100 s, but with poor analog greyscale performance. Conversely, nematic LCSLM's classically provide up to 256 grey levels, but with the drawback of response times in the range of 10-100 ms. In order to meet radar or EW systems requirements, in term of adaptive processing speed in the range of 10 ns-10 s, it would be necessary to use multiple quantum well (MQW) SLM's [17] . Each one of the channelized beams is focused onto one of the photodiode of a detector array, using for instance, a cylindric lens or a spherical-lens array. In this case, the adaptive processing time is about and could match system specifications for -. According to the proposed 1-D optical architecture, the maximum delay value is determined by the size of the holographic mirror. Since it is not realistic to extend the size of this mirror beyond 20 cm with an incidence angle exceeding -, the maximum delay , i.e., the maximum duration of the analyzed signal, is limited to the nanosecond range. In order to overcome this limitation and to increase up to hundreds of nanoseconds, it is possible to take advantage of the use of a high refractive-index prism in conjunction with a 2-D extension of the concept, as proposed in Fig. 2 . In this case, the output of the high-speed modulator is coupled to fibers in order to get delays with an increment equivalent to the one provided by the diffractive mirror and the prism. The output of each fiber is collimated using a cylindrical lens and illuminates (as shown in Fig. 2 ) a row of pixels of a 2-D SLM with pixels. Finally, the channelized beam is focused onto a single high-speed photodiode, providing the weighted sum of the delayed samples, with an increment , of the signal . Furthermore, it is possible to combine both 2-D extensions of the concept, using a pixel SLM with a photodiode array in order to provide high-speed processing and large time delays, i.e., time frequency up to -.
IV. CORRELATOR
In addition, the proposed parallel-filter achitecture can be extended to provide real-time correlation capabilities which could be exploited, for instance, in direction-finding systems. The operating principle of the correlator, in a 1-D configuration, is shown in Fig. 3 . A CW laser is coupled into a first integrated-optic amplitude modulator , excited by a microwave signal . It is expanded, using cylindrical lenses, and reflects off the DM. This reflected beam is focused through a second modulator excited by a signal . Since this modulator must operate in the microwave range, and preserve the different angles of incidence of the laser beam, it could be, therefore, a transverse electro-absorption MQW modulator [17] , combining both high-speed operation and large angular aperture. In this case, each direction of the laser beam is then carrying a microwave signal . The laser beam is then collimated and travel through, for instance, a 1-D LCSLM of pixels, providing the weighting . Finally, the channelized beam is detected by a CCD array with a time of integration .
Each pixel of the CCD array will detect a part of the beam corresponding to a delayed sample of the signal , and will deliver a correlation signal as follows: (8) According to the operating principle of the incoherent modulator , and since the spatial summation on a single photodetector (transversal filter) is replaced by a time integration on each pixel of the CCD detector, it is no longer necessary to consider the coherence time of the laser. Furthermore, this proposed optical architecture can also benefit, as for the transversal filter of a 2-D extension in order to improve its capabilities in terms of large time delays and parallel-processing speed.
V. IMPLEMENTATION
As proof of this concept, a parallel filter is implemented using a CW laser diode (60 mW at 840 nm) with a large coherence time ( , s). It is coupled through a polarization-maintaining fiber into an integratedoptic Mach-Zehnder modulator, excited by a microwave signal . The outcoming beam is expanded and reflects off the DM (diffraction efficiency 90%), which operates in a double-pass geometry (see Fig. 4 ). Since the DM is polarization selective, it is necessary to use a retardation plate in order to maximize the optical power of the diffracted beam. Then the beam passes through a video controlled (256 grey levels) LCSLM (320 pixels of area 56 44 m with a 80-m matrix pitch) and is detected by a Si avalanche photodiode.
In order to verify the delays undergone by a signal in the range 0.6-1.3 GHz, emerging light is detected through a Fig. 4 . Implementation of the adaptive filter: L = 58 mm, DM = 1800 lines/mm, F = 120 mm. In the experiment, the mirror M 2 is slightly tilted with respect to the autocollimation direction, in order to avoid the use of a beam-splitter, which is replaced by a mirror not represented here. 1-mm slit, which is moved across the aperture of the beam [see Fig. 4(a) ]. It shows that whatever the frequency used, the signal experiences a delay which linearly varies with the position of the slit. The maximum delay is constant with frequency and equal to 480 ps (see Fig. 5 ).
As proof of this concept, the maximum delay obtained allowed one to implement a simple rejection filter over a 2-GHz bandwidth. The rejection filter is presented here only as an example. The main interest of this architecture is to perform parallel filtering with a large number of samples, maintaining a low-loss level due to free-space propagation. The modulator is fed with a microwave signal at frequency and an image of two slits is displayed onto the SLM [see Fig. 4(b) ]. They define two channels corresponding to the two edges of the DM, with the relative maximum time delay . The diameter of the detector ( m) is large compared to the dimension m mm mm , which has to be considered here since only the two extreme pixels are taken into account. In this case, the modulated photocurrent reduces to the sum of two components and is given as expressed in (4), by (9) where and are the photocurrents amplitude corresponding to the detection of the signal provided by one of the two slit alone. For a given frequency , corresponding to , this modulated photocurrent vanishes, which means that a rejection filter canceling the frequency of the signal is obtained. The power transmission (in decibels) of the synthesized filter at frequency is proportional to (10) assuming second-order Taylor expansion for . Therefore, with a SLM providing a contrast ratio it is possible to implement a filter at with a rejection of about 50 dB. The measured filter response (see Fig. 6 ) shows a 40-dB rejection of signal at GHz, apparently mainly limited by the long-term stability of the setup.
In order to improve this stability and to increase the microwave frequency, the parallel filter is now implemented with fiber pigtailed components operating at m. A fiber laser (40 mW at 1.55 m) is coupled to an integrated-optic Mach-Zender modulator (operating up to 8 GHz, developed by Thomason-Microsonics). It is followed by an Er-doped fiber amplifier providing a 17-dB optical gain. The DM still operates in the double-pass geometry, but its size is increased up to mm with a 75 incidence angle and a 48 diffraction angle, providing a measured maximum delay of 750 ps. The maximum delay theoretically provided by this setup is of about 1.3 ns, but is not experienced here according to a nonoptimized illumination of the grating. Since the contrast ratio provided by the LCSLM at 1.55 m is too small, it is replaced by a twoslit image on a slide. It provides two out-of-phase microwave signals. In these conditions, using a multimode-fiber pigtailed photodiode, it is possible to measure at 1.35 GHz at 53-dB rejection, as shown in Fig. 7 . The frequency of this filter is simply changed with the spacing between the two slits. An example of this frequency tuning, using the previously described experimental setup, is shown in Fig. 8 . The width of this rejection filter is quite large since it operates almost as a microwave two-beam interferometer. Increasing the number of slits (i.e., the number of sampling points) would of course reduce by analogy with a multiple-beam interferometer, the filter width.
VI. CONCLUSION
To summarize, a new programmable optical architecture has been proposed, based on parallel delay lines generated by a diffractive mirror in the Littrow configuration. Channelization and weighting is provided by an SLM, and according to the exposed principle, this architecture could simultaneously process microwave signals over a frequency bandwidth as large as 20 GHz. Extensions of this concept to the implementations of a high-speed transversal filter, and to a correlator, are proposed. A 53-dB rejection filter was implemented at 1.35 GHz. According to these preliminary results, it is realistic to extend the architecture to the realization of a channels filter. Performances of such an architecture in a multijammer environment, and further signal processing schemes, are investigated. 
